Abstract-A microelectromechanical system (MEMS) sound waveguide is considered as a transmission line for RF signals. We analyze a device geometry of a straight one-dimensional microsize silicon rod, where a longitudinal acoustic wave is generated and detected using capacitive transducers. Linear, isotropic, and nondispersive acoustic-wave propagation is assumed. Based on the calculation of the electromechanical impedance, an electrical equivalent model is derived for the acoustic transmission line. A numerical example and a comparison to measured properties of a MEMS-transmission-line resonator shows that the characteristic impedance level of the waveguide is typically high, which causes challenges for matched termination. Solutions to overcome the matching problems are discussed.
I. INTRODUCTION
A COUSTIC-WAVE propagation in solids is an old and widely studied topic [1] , [2] . Typical applications, such as delay lines, filters, and resonators, bear an analogy with the microwave electromagnetic devices [1] , [3] . Acoustic wave theory is extensively used e.g. in bulk acoustic-wave (BAW) resonators and surface acoustic-wave (SAW) filters [3] , [4] . The recent advances in microelectromechanical system (MEMS) technology have opened the possibility for creating miniaturized acoustical devices. As an example, a micromechanical resonator based on BAW operation has been demonstrated to be well suited for creating a high spectral purity oscillator [5] . Integrability with CMOS electronics, as well as size reduction and power savings of MEMS components compared to off-chip solutions (such as SAW devices) facilitate design of efficient single-chip radio transceivers that could revolutionize wireless communication devices [6] - [8] .
In this paper, we investigate the possibility of creating microacoustical components, such as delay lines, for RF signals. We focus on a typical device geometry of a straight one-dimensional microsize silicon rod, where a longitudinal acoustic wave is generated and detected using capacitive transducers. Linear, isotropic, and nondispersive acoustic-wave propagation is assumed. 1 Based on the calculation of the electromechanical impedance, an electrical equivalent model is derived for the acoustic transmission line. The acoustic reflection and voltage transmission at the receiving transducer are evaluated using typical values for electrostatic coupling. The results show that obtaining perfect nonreflecting termination for the microsize transmission line is not straightforward, but requires tailored impedance-transforming techniques.
II. ELECTROMECHANICAL MODELING
The setup that we are considering is schematically illustrated in Fig. 1 . An electric signal is capacitively coupled to and from the MEMS rod at both ends through fixed electrodes. The rod is allowed to vibrate longitudinally between the electrodes to enable wave propagation along the rod. The rod is assumed to be anchored to the surrounding structures such that the wave propagation is not notably disturbed. In practice, the circuitry to connect the bias and signal voltages, as well as the shape of the electrodes and other details can differ from the simplified system of Fig. 1 , which, however, captures the relevant physical properties. Some generalizations, e.g., for nonsymmetric bias, will be discussed after analyzing the system of Fig. 1 . The electrodes and waveguide can be fabricated, e.g., on a device layer of a silicon-on-insulator (SOI) wafer. To reduce dissipation caused by air friction to moving MEMS structures, the device can be packaged in a vacuum.
In Fig. 1 cross-sectional area , Young's modulus , density , and is assumed to have no mechanical 2 or electrical 3 losses. When no voltages are applied , the gap between the rod and electrodes is at both ends. With nonzero voltages, the ends of the rod are displaced by and , as shown in Fig. 1 . We assume the transducer capacitors to be ideal parallel-plate capacitors with capacitances and . The voltages across and currents through the capacitors are thus related by and . We further assume that the voltage sources are ideal with no internal losses. The electric input impedance is now . We assume that the voltages and are small with respect to the bias voltage and that the displacements and are much smaller than the zero-voltage gap . We also assume the system to be linear. Expanding the currents and up to linear order in the small parameters , , , and
, we obtain
Here, is the zero-voltage capacitance and is the electromechanical coupling constant. For vanishing mechanical motion, the electric input impedance is from (1a)
. For the forces and exerted by the capacitors and to the left-and right-hand-side ends of the rod, respectively, one finds through up to linear order
where is the electrical spring-softening term and ( and in parallel) is a complex damping 2 We assume that despite doping and imperfections, acoustic properties of the SOI device layer material can be approximated by those of single-crystal silicon within the frequency range of interest. At f = 10 MHz, for longitudinal plane-wave propagation in cube-edge direction in single-crystal bulk silicon, one has an attenuation factor of 10 dB=mm / f [1] . This corresponds to an acoustical quality factor of Q 3:3 2 10 / 1=f [1] . An electrical equivalent resistance R , of the mechanical dissipation over a distance of 1 mm, in series with a load resistance R is found by voltage division to be R = R (10 0 1). For = 10 dB=mm at f = 10 MHz, we find R = R 2 10 . For longitudinal wave propagation in a micromechanical narrow rod, a quality factor of Q 1:8 2 10 has been reported [5] , which is only half of the bulk value above and yields a doubling of and R .
Thus, at least for frequencies in the range of 10 MHz, mechanical losses can be neglected for small systems. 3 In practice, one places electrical ground connections closer to the ends of the rod and not only in the middle, as shown in Fig. 1 , for simplicity. This is in order to reduce dissipation caused by nonzero resistivity r of the rod material.
Groundings can be done in places where the rod is hanged to the surrounding structures. Details of hanging are not studied in this paper. Resistance at the ends of the rod can be calculated as R = r l =A, where l is the distance from the end of the rod to the closest grounding and A is the cross-sectional area of the rod. For the heavily boron-doped material of [5] (r 2 2 10 m [14] ), with l = 100 m and A = 100 m 2 10 m, one finds R 20 , which, as will be seen, is much smaller than other typical impedances of the system and will be ignored in this paper. If taken into account, R becomes in series with the capacitances C in Fig. 3 . coefficient. Here, the sign of is selected as shown in Fig. 2 . usually represents only a small correction and can be omitted.
The mechanical model is now as follows. The longitudinal displacement field of the rod obeys a wave equation (3) with boundary conditions following from (2a) and (2b) assuming Hooke's law to be valid:
and has a harmonic time dependence due to the harmonic force. Here, is the phase velocity of the longitudinal wave. The mechanical model is illustrated in Fig. 2 .
III. ANALYTICAL SOLUTION
A solution to the wave-propagation problem of (3) and (4) is found by subtracting a time-independent zero-signal solution from the displacement field and seeking a solution in the form (5) for the deviation , which also satisfies the wave equation (3) and a zero-bias form of the boundary conditions (4). For the current in (1a) through the input capacitor , we find (6) where the electromechanical impedance (see Fig. 3 ) (7) expresses the coupling of the electric signal to the mechanical motion and is, thus, the quantity of primary interest here. Substituting (5) to the boundary conditions (4) with zero bias allows one to solve for the unknown coefficients and and to obtain in (7) . For simplicity, we only consider the case where , which generally is a good approximation for practical MEMS structures. Consequently, one obtains the standard expression [2] , [10] , [11] (8) where , , and (see Fig. 3 ). The mechanical losses can be included in (8) by substituting with , where is the attenuation coefficient [1] , [10] , [11] .
The mechanical amplitude reflection coefficient for the righthand-side end of the rod can be expressed as (9) For zero reflection, one needs , which gives with (8)
Here, is the mechanical characteristic impedance of the rod [2] . The corresponding matched load impedance is . The above discussion shows that can be seen as an electrical characteristic impedance of the acoustic waveguide. One can thus relate the inductance and capacitance densities in Fig. 3 to and to the phase velocity through and . One finds , and that are similar to the corresponding relations known for MEMS resonators [5] .
Of interest are also the current in (1b) through the output capacitor and the voltage across the load impedance. The transfer impedance is found similarly to the input-impedance calculation above as follows: (11) and gives the load voltage through . In particular, for the matched load, one finds (12) in which case, the acoustic waveguide only introduces a sign change and a phase shift to the electric signal and delivers a power of to the load. If the matched load is represented by an inductance 4 of in parallel with a resistance of , transmission through the line becomes bandpass centered at with a 3-dB bandwidth of . Due to the reactances in the system, it is now possible that the load voltage exceeds the source voltage . This can be prevented by requiring .
IV. GENERALIZATION OF THE SYSTEM
More insight is gained by separating the problem into electrical and mechanical propagation. This is conveniently done by introducing transmission matrices. We take the mechanical equivalent of voltage and current to be negative of the force field and the velocity field in the waveguide. The mechanical impedance along the waveguide is now . The input (left-hand side) end current and force relations (1a) and (2a) now give (13) where is the left-hand-side-end transmission matrix. Here, and denote and at the input end. Similarly for the right-hand-side (output) end, one finds from (1b) and (2b) (14) with and denoting and at the right-hand-side transducer. The mechanical propagation is given by the familiar waveguide transmission matrix (15) yielding for mechanical impedances the same result shown above in (8) for the electromechanical impedance (with interchanges , , and ). The electrical input impedance is now found using the total transmission matrix of the system from . The matrix formulation enables one to consider more general situations with, for example, nonsymmetric bias or transducer geometries. Also, other transducer coupling mechanisms can be considered. The formulation also applies to different waveguide geometries, e.g., with varying cross-sectional area, for which the transmission matrix can be formulated. Furthermore, anchoring effects can be taken into account. Table I shows , , resistance , inductance , and bandwidth at center frequency MHz for a 1-mm-long silicon rod ( , m m [5] ) with m m and m m (one of the dimensions is limited by the typical height of the device layer of the SOI wafer), and . The center frequency is selected to obey (see discussion in Section III). We consider three different values for the gap (reaching a controllable gap size of 0.1 m has been demonstrated [12] ). The values of Table I (such as  for  and  m  m) reveal that, for practical realization of the MEMS waveguide, impedance matching is a challenge. This is because the weakness of the capacitive coupling makes the characteristic electrical impedance of the waveguide extremely high. Equation (10) shows that can be made smaller by having a smaller gap , softer or sparser rod material (smaller or ), a larger area , higher permittivity material in the gap, or a higher bias voltage . On the other hand, the maximum displacement of the end of the rod is limited by , where , in order to avoid pull-in. Considering only the bias voltage , it is easy to show that the requirement to avoid pull-in leads to a lower limit for as follows:
V. NUMERICAL EXAMPLE
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For example, in Table I , with M , we have M for a 1-mm-long rod. Increasing now the bias voltage by a factor of ten, decreases to 30 k , but leads to , resulting in pull-in. Thus, both (10) and (16) must be taken into account. One candidate for a softer and sparser rod material is porous silicon. For example, for a porosity of 60%, the Young's modulus is reported to drop almost 90% of the value for nonporous material [13] . This would divide by five, but also yield a four times larger . Fig. 4 shows the voltage ratio and mechanical reflection coefficient when an inductor of is used to tune out the transducer capacitance. The solid curves are for a center frequency satisfying , while, for the dashed curves, a slightly different frequency with is considered.
VI. COMPARISON TO EXPERIMENTS
The characteristic impedance of the MEMS transmission line can feasibly be probed in the short-or open-circuited resonator configuration [10] , [11] , when the quality factor of the resonator is sufficiently large. For example, for an open-circuited transmission-line resonator, the lumped-element values for an equivalent RLC series-resonant circuit are , , and [11] . Here, is the length of the line, is the wavelength corresponding to the resonant frequency , is the electrical characteristic impedance of the waveguide in (10) , and is the resistance per unit length of the line. The equivalent RLC circuit is valid in the vicinity of the resonant frequency. Since losses in the waveguide are not considered in this paper, resistance is not shown in Fig. 3 in series with the inductance . Measurements for such a Table I with the larger values of area and gap.
high-MEMS transmission-line resonator were reported in [5] at 11.75 MHz corresponding to m. Other resonator dimensions and parameter values of [5] were the same as here in Table I with m and m m. The parameter values for the equivalent RLC circuit were obtained through fitting the simulation results to the measured data. In particular, it was found in [5] that aF and kH. Using the results of this paper, one obtains kH and aF, which are in good agreement with the measurement-based values of [5] . Direct experimental study of the transmission-line operation of the MEMS waveguide requires solution to the impedance-matching problem that is one of the focuses of future research in this area.
VII. DISCUSSION AND CONCLUSIONS
Using sound waveguides as delay lines for RF signals is desirable since much smaller group velocities can be reached than with electromagnetic waveguides. However, impedance levels needed for efficient signal transmission through an acoustic waveguide become extremely high, as shown in this paper, for a single-crystal silicon rod with capacitive coupling. This is due to the weakness of the electromechanical coupling constant. Thus, one needs to consider different coupling mechanisms, softer and sparser rod materials, electrical and mechanical impedance transformations, and other structures for acoustic-wave propagation. It is easy to show that, for example, with a microsize piezoelectric quartz transducer, one does not reach a stronger coupling to a silicon rod when the length of the rod is much larger than the transducer size and when small enough capacitor gaps (of the order of half a micrometer) and high enough bias voltages (tens of volts) can be used. On the other hand, high-values of microelectromechanical resonators suggest that, at least for narrow bandwidths below 100 MHz, mechanical impedance transformation can enable efficient acoustic waveguide operation with capacitive coupling.
